Take one subway station of Chongqing rail transit as background, 3D FEM models of sequential excavating to large-section and ultra-deep shafts under complicated environment were set up, and influence of shaft construction to the stability of shaft wall rock, slab-pile walls, high-voltage tower foundation and intersection of shafts and air flues was analyzed. The analysis result showed: wall rock displacement near the contour line of shaft and air flue changed significantly and the maximum displacement was 10.84 mm; vertical displacement caused by shaft and air flue excavating affected ground surface and the maximum ground surface settlement was 20 mm; shaft excavating brought large stress to shaft walls and the maximum vertical stress was 2.94 MPa; plastic zone of wall rock mainly distributed in the junction of shaft and air flue, outward excavation contour line for 6-10 m, and the distribution range was large. The maximum principal stress of shaft and air flue during initial support at the junction of air flue vault and curve walls was large, and the maximum stress was 6.09 MPa; the maximum and minimum principal stress of slab-pile retaining walls before shaft and air flue excavating was -1.60 MPa and 0.32 MPa, then increased to -1.78 MPa and 0.63 MPa respectively after excavating, additionally, shear failure would not happen; the maximum displacements from X-scale, Y-scale and Z-scale of tower's foundation were 0.32 mm, 0.86 mm and 1.20 mm respectively. Furthermore, the difference of inhomogeneous deformation was small, and shaft construction had no effect to high-voltage towers.
Introduction
At present, the study of air shaft in subway station is equivalent to that of deep foundation pit, and research status is mainly focused on the construction mechanics of deep foundation pit [1] [2] [3] [4] [5] [6] [7] . The construction method is usually excavated by drilling and blasting from top to bottom, and the slag is lifted by gantry crane. The air shaft of highway tunnel has small section and large depth, and its construction method is somewhat different from that of subway station. The reverse drilling method and the drilling and blasting method are often used [8] [9] .
Based on the study of large-section and ultra-deep air shaft in the complex environment of Chongqing subway station, this paper analyzes the complicated mechanical characteristics of surrounding rock, pile-sheet wall of existing slope and surrounding rock-support structure at the intersection of shaft and air flue.
An air shaft of subway station in Chongqing rail transit is located in the middle of a mountain slope. The cross-section size of shaft is 8.20 m by 20.0 m, and the depth is 52.0 m, which is an ultra-deep shaft. There is a 10KV high voltage tower on the top of slope about 13 m at the southwest side of air shaft. The height difference is about 6.2 m and surrounding engineering environment is complex. In order to avoid the influence of air shaft construction on high-voltage tower and ensure the stability and safety, a 22.0 m long sheet pile wall composed of 8 anti-slide piles is designed between air shaft and high-voltage tower. The shaft stratum lithology from top to bottom 0~3.50 m is mainly composed of soil layer and strongly weathered sandy mudstone. The surrounding rock is grade V, and the upper 0~3.50 m of shaft lining is supported by lock mouth. Below the depth of 3.50 m is sandy mudstone and sandstone of the middle Jurassic Shaximiao formation. The surrounding rock is grade IV, and composite lining is adopted. The connecting passage between shaft and station is 11.57 m long, horseshoe-shaped, with a net width of 13.64 m and a net height of 11.55 m.
When shaft is excavated, each ring enters 0.5 m and supports in time. During the excavation of each ring, a continuous crack is made by an anchor drill along the excavation line around shaft to serve as the blank surface, and the cutting machine is used to peel off. Partial jump excavation is adopted for excavation. Due to the large section and deep buried depth of air flue, the blasting vibration speed is controlled within 10 mm/s using the method of CD excavation.
Establishment of Numerical Model

Model Parameters and Ranges
GTS NX finite element analysis software is used in numerical simulation, and the yield criterion is Mohr-Coulomb criterion. According to the geological survey and construction drawings of the subway station shaft, the surrounding rock is grade IV. The physical and mechanical parameters of surrounding rock and the supporting structure parameters used in numerical simulation are listed in Table 1 . On the basis of elastic-plastic mechanics and Saint Venant principle, the range of 3D numerical model analysis is XYZ=135 m×161 m × 107 m. The calculation model is divided into 148370 structural tetrahedral units and 28195 nodes. The 3D calculation model and the initial support diagram of shaft and air flue is shown in Figure 1 .
Boundary Conditions and Construction Procedures
Three-dimensional numerical analysis model with horizontal constraints in X and Y directions, vertical constraints in Z direction at the bottom and free surface at the top, model load is the weight of surrounding rock and the pressure load of high voltage tower. Surface load of 662 kN/m 2 is applied on the top of four foundations of the high voltage tower, which is downward (Z-axis negative direction). The air shaft is excavated by full-section method and excavation footage (vertical) is 2.0 m with 26 excavations, totaling 52 m. The air flue is excavated by CD method and excavation footage is 2 m, totaling 10 m. There are 56 construction steps in the whole process of shaft and air flue excavation.
Numerical Simulation Results Analysis
Displacement Characteristics of Surrounding Rock
The displacement of surrounding rock around the shaft is an important factor affecting the stability of surrounding rock. The displacement of surrounding rock is consistent with the deformation of initial support near the excavation profile of shaft and air flue. The maximum displacement in Y direction appears at the intersection of shaft and air flue vault and its corresponding long shaft location. The maximum vertical displacement (Z direction) occurs near the air flue vault and inverted arc. The maximum closure displacement is about 10.84 mm at the intersection of shaft and air flue vault. The vertical displacement caused by the excavation of shaft and air flue affects the ground surface. The surface settlement value is 1.0-2.0 mm, and the vertical displacement caused by the excavation is larger than the horizontal displacement. Horizontal displacement of surrounding rock caused by excavation of shaft and air flue has greater influence on shaft wall and curved wall area of air flue, and the farther away from excavation contour, the less influence. Therefore, the location of the junction of shaft and air flue is the most dangerous moment in the entire construction process, as well as the key position and key point of shaft air flue support. In the three-dimensional numerical analysis of shaft construction process, five surface nodes along the middle line of the long side of shaft directly above the arch of air flue are taken for analysis. The distances of the five nodes from the midpoint of the long edge of shaft are respectively 0 m, 2 m, 3 m, 4 m, and 5 m. The relation curve between surface subsidence and construction steps is shown in Figure. 2. As can be seen from Figure. 2:
①In the initial stage of shaft excavation, when the excavation depth is less than 20 m, the vertical displacement of each monitoring point is small, mainly for the uplift within 0.5 mm. With the construction of primary shaft support, the soil around shaft has the upward uplift trend under the action of slope soil load.
②The variation trend of vertical displacement of each measuring point is the same. The farther away from the midpoint of long shaft side, the longer it takes to change from uplift to settlement. When shaft is excavated to 8 m, the uplift value of each measuring point reaches the maximum value of 0.424 mm. With the continuous excavation of shaft, the uplift value of measuring point decreases gradually, and changes from near to far in turn into settlement. When shaft excavation reaches 20 m, the vertical displacement of the five measurement points all changes to the settlement value.
③The maximum cumulative settlement is at the middle point of long shaft side, and the final settlement value is 1.552 mm, the farther away from this point, the smaller the final settlement value. Because of the large dead weight of the secondary support structure, the construction of shaft second lining can accelerate ground settlement. The variation rate of ground settlement is the largest when the second lining is constructed, reaching 0.224 mm d-1.
④During the construction of shaft and air flue, the accumulative settlement value and the change rate of each measuring point are both less than the monitoring and warning value of foundation pit engineering.
In order to better understand the variation law of horizontal displacement of surrounding rock with shaft construction, the horizontal convergence curves of SL-266, SL-260, SL-254, SL-246 and SL-238 in each monitoring section of shaft inner wall are drawn, as shown in Figure. 3.
As can be seen from Figure. 3: ①The greater the buried depth of each monitoring section, the greater the cumulative horizontal convergence value, as well as the maximum change rate of horizontal convergence. The maximum horizontal convergence of the monitoring sections on the long and short sides of shaft is located at SL-238 section of 15.777 mm and 7.634 mm respectively. The minimum values are located at SL-266 section of 3.979 mm and 0.802 mm respectively. The maximum horizontal convergence change rate of long and short monitoring sections are located at SL-238 section of 4.067 mm·d -1 and 2.344 mm·d -1 respectively. The minimum values are located at SL-266 section of 0.568 mm·d -1 and 0.232 mm·d -1 respectively.
②The position of tunnel face has a great influence on the change rate of horizontal convergence of each monitoring section. When tunnel face is closer to the monitoring section, the change rate is larger. As tunnel face moves down, the change rate gradually decreases.
③The whole shaft excavation and supporting process are completed at the 35th shaft construction step. The 36th ~ 56th construction steps are used to excavate the connecting passage by middle wall pilot tunnel method, and the initial support is applied. The graph shows that the horizontal convergence of SL-238 section near air flue is greatly affected by the excavation of air flue, and the horizontal convergence value increases during the excavation of air flue. The influence of other sections gradually decreases with distance, and the convergence curve tends to level gradually.
By comparing the field monitoring results with the three-dimensional numerical simulation values (Table 2) , the correctness of three-dimensional numerical model can be preliminarily judged, and the effectiveness of shaft field monitoring can also be verified from the side. It can be seen that there is a certain difference between the numerical simulation convergence value and the field monitoring value. There are two main reasons: ① In the numerical simulation, monitoring points have a strong timeliness. Monitoring points can record the total deformation of surrounding rock during the whole construction process. In the actual excavation process, for various reasons, monitoring points are often laid after the excavation face continues to move down. At this time, the early displacement deformation has occurred, and the value is large, which causes the monitoring value cannot cover the early displacement deformation, resulting in smaller field monitoring value.
②In order to ensure the safety of numerical simulation in guiding design and construction, the parameters of surrounding rock, primary support structure and secondary support structure are reduced to varying degrees, which is another reason for the larger simulation value.
Stress Characteristics of Surrounding Rock
The maximum vertical compressive stress is 2.935 MPa (0.1%) and the maximum principal stress is 2.93 MPa (0.2%) after the excavation of shaft and air flue. Shaft excavation causes larger stress on shaft wall, and the stress decreases rapidly after supporting structure is applied. It can be seen that the supporting structure plays a very important role in preventing the deformation of surrounding rock and reducing the plastic zone. The above analysis shows that the excavation of shaft will cause great changes in surrounding rock stress: the stress of surrounding rock near the vault and inverted arch of station and air flue decreases due to the large displacement change, while near the curved side wall the stress increases due to the small displacement of surrounding rock. Therefore, effective measures must be taken to prevent the initial support from tensile failure due to excessive deformation during the construction of tunnel vault, and the inverted arch must be constructed in time to prevent excessive uplift. In addition, different degrees of stress concentration will occur at the bottom of shaft and at the junction of shaft wall and air flue, so prompt treatment measures should be taken after excavation.
Plastic Zone Characteristics of Surrounding Rock
The fundamental reason for plastic failure of surrounding rock is that the stress exceeds the yield strength. The failure mechanism includes shear failure and tensile failure. When the stress of surrounding rock or soil is greater than the plastic limit strength, the plastic failure will occur, and the region will become a plastic region. The loading capacity of soil or surrounding rock in plastic zone decreases greatly, and the scope is also an important factor affecting the stability of surrounding rock. The surrounding rock plastic zone of shaft obtained from three-dimensional numerical simulation analysis in the construction process of station shaft is shown in Figure. 4. From Figure. 4 , it can be seen that the surrounding rock plastic zone is mainly distributed in the area of 6-10 m outward from the excavation contour at the junction of shaft and air flue, and the distribution range is large. The plastic strain value is relatively large in the area near the vault at the junction of shaft and air flue, the bottom of shaft, the middle part of long side and short side of the lower part of shaft and the middle part of air flue curved wall, and the maximum value reaches 1.1561e -3 . The reason of large plastic zone is that the excavation outline of shaft and air flue is large, and the shaft is at the waist of slope, so the stress concentration is easy to occur after excavation. The surrounding rock plastic zone of shaft and air flue is subject to great pressure. The stress and strain of the joint is complex, which is the main reason for the large displacement and deformation of supporting structure.
Characteristics of Initial Support and Second Lining
1) Axial force and stress of bolt
The simulation analysis shows that the maximum anchor force point occurs near the junction of shaft and air flue, and the anchor plays a significant role in controlling the displacement change of surrounding rock. The Highway Tunnel Construction Rules points out that when the anchor material meets the design requirements, the yield tensile force should be greater than or equal to 150 kN. The maximum axial force of the bolt system is 48.3 kN, less than 1/3 of the tensile force, so the bolt will be in a safe state and will not be pulled out. From the above analysis, it can be seen that the bolt system plays an important role in supporting surrounding rock, but high strength steel should be selected in the design of bolt, so as to provide the necessary resistance and ensure the safety of the bolt.
2) Stress of shotcrete and second lining The maximum principal stress of shotcrete in the initial support of shaft and air flue is compressive stress; the maximum value is 6.09 MPa, accounting for only 0.7%. It appears in the height range of the junction of shaft and air flue. The compressive stress distributes widely at the junction of air flue arch and curved wall, and the rest distributes in the middle of long side and short side of shaft. According to the Highway Tunnel Design Code, the ultimate compressive strength R a of C25 concrete is 19.0 MPa, the ultimate tensile strength R l is 2.0 MPa, and the shaft support structure meets the compressive requirements; the maximum tensile and shear stress of initial support is 2.62 MPa, accounting for only 0.1%, which is greater than the tensile strength of C25 concrete. The maximum principal stress of second lining is 5.24 MPa, only 0.3%, and the minimum principal stress is 4.79 MPa, accounting for 31.7%.
Influence of Shaft Construction on Retaining Wall and Tower Foundation
The maximum and minimum principal stresses of pile-sheet retaining wall before excavation of shaft and air flue are -1.60 MPa and 0.32 MPa respectively. After excavation, the stresses increase to -1.78 MPa and 0.63 MPa respectively. The change is small, and shear failure will not occur. The wall material can meet the strength and stability requirements. The maximum displacement in Y direction of the middle node on the top of pile retaining wall is 1.03 mm. From the middle to the sides, the displacement in Y direction decreases in turn, with a minimum value of 0.418 mm. The displacement of the retaining wall in Y direction is small, which can meet the requirements of displacement and deformation of the wall.
After shaft excavation, the X direction displacement of tower foundation is 0.12~0.35 mm, and the deformation is small. The deformation of foundation is increasing along the X axis, and the simulation results are more consistent with reality. With the excavation of shaft foundation pit, the rock and soil in the short side direction of shaft will move to the center of shaft, and the foundation of tower will also move forward along the X axis. The maximum displacement in the Y direction of tower foundation is 0.86 mm, pointing to shaft, slightly larger than that of the X direction. It can be seen that although the pile-sheet retaining wall plays a controlling role in the Y direction displacement, the Y direction displacement is still the main trend of geotechnical deformation. The maximum displacement in the Z direction of tower foundation is 1.20 mm, located at the bottom of foundation, and the direction is vertical downward. Along the height of tower foundation, the Z direction displacement is decreasing from bottom to top. The construction of station air shaft can ensure the safety of high-voltage tower.
Conclusions
(1) The construction of large-section and ultra-deep air shaft of subway station under complex environment has great influence on the surrounding rock and supporting structure of shaft, shaft and air flue intersection section, but little influence on pile-sheet wall and high-voltage tower foundation.
(2) The deformation near the excavation contour line of shaft and air flue is large, and the vertical displacement caused by shaft excavation affects the ground surface, resulting in greater stress on the shaft wall, and the surrounding rock plastic zone at the junction of shaft and air flue is wider.
(3) The maximum principal stress of the initial support of shaft and air flue is larger at the junction of air flue arch and curved wall. The excavation of shaft and air flue has little influence on the displacement and stress of pile-sheet retaining wall, as well as the deformation of tower foundation, and will not affect the safety of pile-sheet retaining wall and tower foundation.
